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ABSTRACT
Extremely metal-poor (XMP) galaxies are low-mass, star-forming galaxies with gas-phase oxygen
abundances below 12+log(O/H) = 7.35 (∼ 120 Z). Galaxy evolution scenarios suggest three pathways
to form an XMP: (1) secular evolution at low galaxy masses, (2) slow evolution in voids, or (3) dilution
of measured abundances from infall of pristine gas. The recently discovered XMP galaxy Leoncino,
with an oxygen abundance below 3% Z, provides an opportunity to explore these different scenarios.
Using Hubble Space Telescope imaging of the resolved stellar populations of Leoncino, we measure
the distance to the galaxy to be D= 12.1+1.7−3.4 Mpc and find that Leoncino is located in an under-
dense environment. Leoncino has a compact morphology, hosts a population of young, massive stars,
has a high gas-to-star mass ratio, and shows signs of interaction with a galaxy nearby on the sky,
UGC 5186. Similar to nearly all XMP galaxies known in the nearby universe, Leoncino is offset from
the Luminosity-Metallicity (LZ) relation. Yet, Leoncino is consistent with the stellar Mass-Metallicity
(MZ) relation defined by Local Volume galaxies. Thus, our results suggest that the offset from the
LZ relation is due to higher recent star formation, likely triggered by a minor interaction, while the
low oxygen abundance is consistent with the expectation that low-mass galaxies will undergo secular
evolution marked by inefficient star formation and metal-loss via galactic winds. This is in contrast
to XMP galaxies that are outliers in both the LZ and MZ relations; in such cases, the low oxygen
abundances are best explained by dilution due to the infall of pristine gas. We also discuss why
quiescent XMP galaxies are underrepresented in current surveys.
Keywords: galaxies: evolution –galaxies: dwarf – galaxies: distances and redshifts – stars: Hertzsprung-
Russell diagram
kristen.mcquinn@rutgers.edu
∗ Based on observations made with the NASA/ESA Hubble
Space Telescope, obtained at the Space Telescope Science Insti-
tute, which is operated by the Association of Universities for Re-
search in Astronomy, Inc., under NASA contract NAS 5-26555.
These observations are associated with program HST-GO-15243.
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2 McQuinn et al.
1. CHEMICAL EVOLUTION PATHWAYS FOR
METAL-POOR, STAR-FORMING GALAXIES
The gas-phase oxygen abundance of galaxies is known
to correlate with stellar mass or, as a proxy for stellar
mass, luminosity. A strong correlation between lumi-
nosity and metallicity was seen in early studies (e.g.,
the LZ relation; Skillman et al. 1989a). Later studies
focused on the tighter relation between stellar mass and
metallicity (the MZ relation) where oxygen abundances
increase with mass for low-mass systems (M∗ . 109 M;
Berg et al. 2012) and begin to flatten for massive spiral
galaxies (M∗ & 1010.5 M; Tremonti et al. 2004; but see
also Hirschauer et al. 2018). The MZ relation defined by
nearby galaxies is thought to arise from the combined
impact of star formation, star formation efficiency, metal
loss through outflows, and, to a lesser extent, the dilu-
tion of abundances by the infall of pristine gas (e.g., Dal-
canton 2007). Thus, while the interplay of these various
factors is complex and can vary for any given system,
the location of a galaxy in the MZ plane provides con-
straints for the cumulative chemical evolution of that
object.
Galaxies at the low-metallicity end of the MZ relation
are of particular interest. Systems with abundances be-
low 12+log(O/H) = 7.65, corresponding to roughly 110
the solar oxygen abundance,1 have been previously clas-
sified as “very metal deficient” galaxies (e.g., Kunth &
O¨stlin 2000). This early definition was based on the
O/H distribution of star-forming dwarf galaxies which
showed a peak at ∼ 110 Z with a sharp drop below
that value. Recently, there have been a growing number
of galaxies discovered below this threshold (e.g., Izotov
et al. 2006; Ekta et al. 2008; Brown et al. 2008; Pa-
paderos et al. 2008; Izotov et al. 2012; Skillman et al.
2013; Berg et al. 2016; Yang et al. 2017; Hsyu et al.
2017; James et al. 2017; Guseva et al. 2017; Hirschauer
et al. 2016; Izotov et al. 2019; Hsyu et al. 2018; Berg
et al. 2019; Senchyna & Stark 2019; Senchyna et al.
2019) and as low as 12+ log(O/H) = 6.98 (Izotov et al.
2018). Therefore, to isolate the most extreme systems,
we classify galaxies as “extremely metal-poor”, or XMP,
with the formal definition of having an oxygen abun-
dance equal to or below 12+ log(O/H) ≤ 7.35, which is
roughly 120 the solar oxygen abundance. We are choos-
ing a fixed O/H ratio, instead of a fixed percentage of
the solar oxygen abundance, as the derived values of the
solar abundance continues to change with time (e.g., An-
1 Kunth & O¨stlin (2000) adopted a solar oxygen abundance of
12 + log(O/H) = 8.91. Here we adopt a more modern value from
Asplund et al. (2009) of 8.69.
ders & Grevesse 1989; Grevesse & Sauval 1998; Allende
Prieto et al. 2001; Asplund et al. 2004, 2009; Scott et al.
2009).
XMP galaxies provide boundary conditions and es-
sential constraints on chemical-enrichment pathways.
Thus, in an era when galaxy formation simulations are
able to reproduce the MZ relation at increasingly low
masses (e.g., Ma et al. 2016), XMP galaxies have a
unique role to play in constraining simulations. XMP
galaxies are also laboratories for studying the forma-
tion and evolution of massive stars in nearly pristine
gas (e.g., Garcia et al. 2019), and for providing con-
straints on the primordial helium abundance ([e.g., Izo-
tov et al. 1994; Stasin´ska & Izotov 2001; Skillman et al.
2013; Cooke 2015; Aver et al. 2015). In addition, XMP
galaxies that can be studied locally offer an opportunity
to understand the details of star formation and chem-
ical evolution in a regime analogous to that of chemi-
cally primitive galaxies in the early universe. This is
particularly relevant given that upcoming JWST obser-
vations at high redshift have the potential for discover-
ing primeval galaxies at similar metallicities, but with
limited ability to study the systems in detail.
Early searches for metal-poor galaxies discovered a
few of these extreme systems with oxygen abundances
below 5% Z, including the iconic blue compact dwarf
galaxies I Zw 18, SBS 0335-052W, and DDO 68, with
robust oxygen abundances of 12+log(O/H) = 7.17 ±
0.04, 7.12 ± 0.03, 7.21 ± 0.03, respectively (Skillman &
Kennicutt 1993; Izotov et al. 2005; Pustilnik et al. 2005).
These systems are all high surface brightness galaxies
that are significantly offset from expectations of the LZ
relation for typical, late-type galaxies.
Using the properties of these galaxies as a guide,
searches for more XMP galaxies have been carried out
with varying success. Though progress was initially
slow, as listed above, the success rate in finding XMP
galaxies has increased within the last few years. Nearly
all of the newly discovered XMP galaxies are outliers
on the LZ relation. This is best understood by extrap-
olating what is known from the iconic XMP galaxies,
namely that the paucity of metals may be due to dilu-
tion of the gas-phase metallicity by pristine gas falling
into the galaxy from the outer disk or local environment,
likely triggered by an interaction. In this scenario, the
infalling gas quickly mixes into the interstellar media
(ISM) and lowers the measured abundance, while simul-
taneously producing a significant burst of star formation
and correspondingly, an increase in the galaxy luminos-
ity (Ekta & Chengalur 2010). The relative infrequency
of such events provides a natural explanation for the
paucity of such systems.
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Alternatively, environment has been suggested to play
a role. In a study of dwarf galaxies in low-density void
environments, low-mass galaxies were found to lie below
the LZ relation in a parallel sequence. Their gas-phase
oxygen abundances were measured to be 30−40% lower
on average than similar galaxies in typical field envi-
ronments (Pustilnik et al. 2016; Kniazev et al. 2018).
The authors have suggested that star formation is less
efficient in voids, resulting in a slower galaxy evolution
process. However, the oxygen abundances were mea-
sured by a combination of the direct method (utilizing
the temperature sensitive [O III] λ4363 auroral line),
and semi-empirical and empirical methods using strong
emission line ratios. These have been found to differ by
as much as a few tenths of dex and could introduce a bias
when comparing abundance measurements (e.g., van Zee
& Haynes 2006; Kewley & Ellison 2008; Moustakas et al.
2010; Andrews & Martini 2013). If direct-method oxy-
gen abundances alone are considered, the differences be-
tween galaxies in voids and more typical galaxies in the
Local Volume are minimized (see analysis in §6 below).
Interestingly, there is an XMP galaxy that does agree
with both the MZ and the LZ relation. A novel break-
through for XMP galaxy searches came with the discov-
ery of Leo P, a low-luminosity, star-forming, extremely
low-mass galaxy with an oxygen abundance comparable
to I Zw 18 (7.17±0.04; Skillman et al. 2013). Leo P
was detected via its gas content in the Arecibo Legacy
Fast ALFA blind Hi survey (ALFALFA; Giovanelli et al.
2005; Haynes et al. 2011; Giovanelli et al. 2013; Haynes
et al. 2018) and confirmed as a galaxy with follow-up op-
tical imaging (Rhode et al. 2013). The paucity of met-
als in Leo P is consistent with expectations from secular
evolution processes (i.e., from inefficient star formation
and galactic winds). Based on the star-formation and
chemical-evolution history of the galaxy derived from
the resolved stellar populations, Leo P has lost 95±2%
of its oxygen, likely via stellar-feedback driven galactic
winds (McQuinn et al. 2015a,b).
Through the ALFALFA survey, we have identified an-
other XMP galaxy with an oxygen abundance even lower
than Leo P (see §2). Colloquially referred to as the
Leoncino Dwarf (AGC 198691), spectroscopic observa-
tions of the Hii region yield a gas-phase oxygen abun-
dance of 12+log(O/H) = 7.12±0.04,2 or less than 3%
Z. This is equivalent to the oxygen abundance in SBS
2 Updated value based on new, deep, Large Binocular Telescope
spectra (E. Aver et al., in preparation), 0.1 dex higher than the
originally reported oxygen abundance of 7.02±0.03 in Hirschauer
et al. (2016).
Table 1. Properties of the Leoncino Dwarf Galaxy
Parameter Value
R.A. (J2000) 9:43:32.4
Decl. (J2000) +33:26:58.0
12+log(O/H) 7.12±0.04
Vhelio 514 km s
−1
Vgsr 481 km s
−1
MHI / M∗ 25
mV 19.53 ±0.03 mag
F3.6 µm (1.50±0.07) ×10−5 Jy
m3.6 µm 18.8 mag
B − V 0.29±0.04 mag
AV 0.04 mag
P.A. 80◦
semi-major axis 6.′′75
eccentricity 0.61
WFC3 F606W exp. time 15018 s
WFC3 F814W exp. time 18618 s
Distance-Dependent Values
Parameter Value
Distance Modulus 30.4+0.31−0.60 mag
Distance 12.1+1.7−3.4 Mpc
SGX 4.6+1.3−0.6 Mpc
SGY 9.8+2.7−1.4 Mpc
SGZ −5.4+1.5−0.8 Mpc
Major-axis 0.8 kpc
MB −10.63+0.31−0.60 mag
M3.6 µm −12.23+0.31−0.60 mag
M∗ (7.3+2.2−4.3)× 105 M
MHI 1.83× 107 M
Note—Summary of the properties of Leoncino reported in
this work and in Hirschauer et al. (2016) with an updated
oxygen abundance from E. Aver et al. (in preparation).
Vhelio and Vgsr are the heliocentric velocity and velocity with
respect to the Galactic standard of rest respectively. AV is
the Galactic extinction from Schlafly & Finkbeiner (2011).
SGX, SGY, SGZ are the Supergalactic coordinates of Leon-
cino including uncertainties. The major-axis is the diameter
of the galaxy in kpc based on the angular radius of 6.′′75
and adopting our distance. MB is the extinction corrected,
absolute B-band luminosity of the galaxy. M∗ is the stel-
lar mass determined from IRAC [3.6] fluxes and assuming a
M/L of 0.47 (J. M. Cannon et al., in preparation). See text
for details.
0335-052W and less than that measured in both I Zw 18
and DDO 68.
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Here, using newly-obtained Hubble Space Telescope
(HST ) imaging to constrain the distance to Leoncino,
we investigate the properties and environment of the
system, use the distance to place the galaxy securely on
the LZ and MZ relations, and explore different pathways
of becoming an XMP in the nearby universe.
We present a summary of the known properties of
Leoncino in §2, the observations and data reduction in
§3, and our distance measurement in §4. We explore
the location of Leoncino in the nearby universe, both
spatially and as a function of radial velocity in §5. We
examine the location of Leoncino in the LZ relation with
other typical star-forming dwarfs in the field and star-
forming dwarfs in voids. We also compare Leoncino with
other XMP galaxies in both the LZ and MZ relations in
§6. We discuss the different chemical-evolution path-
ways to form such extremely low-metallicity systems,
their common characteristics, and the rarity of finding
low-luminosity XMP galaxies in §7. We summarize our
conclusions in §8.
2. PROPERTIES OF LEONCINO FROM A
COORDINATED OBSERVING CAMPAIGN
Leoncino was discovered via its Hi line emission in
ALFALFA. Initial gas-mass estimates using a velocity-
based distance from flow models suggested that it was
very low mass (MHI . 107 M) and, thus, was included
in the Survey of Hi in Extremely Low-mass Dwarfs
(SHIELD; Cannon et al. 2011), a follow-up study of Lo-
cal Volume ALFALFA galaxies with Hi masses below
107.2 M.
As part of the SHIELD program, we carried out a co-
ordinated effort to characterize the chemical, stellar, and
gas content of Leoncino; a summary of these properties
is presented in Table 1. Ground-based optical imag-
ing from the WIYN 0.9m telescope in R-band and Hα
confirmed the presence of the stellar component in the
galaxy and an Hii region. Optical spectroscopy of the
Hii region from the KPNO 4.0m and the MMT 6.5m
telescopes showed that the galaxy was extremely metal-
poor (Hirschauer et al. 2016). Recently obtained Large
Binocular Telescope optical spectroscopy enabled a new
measurement of the temperature-sensitive [O III] λ4363
auroral line, yielding a “direct method” gas-phase oxy-
gen abundance of 12+log(O/H)= 7.12 ± 0.04 (E. Aver
et al., in preparation).
Combining the ALFALFA Hi data with a stellar mass
determined from an infrared mass-to-light ratio (see §5),
yields a distance-independent Hi-to-stellar mass ratio of
25.3 This value is significantly higher than the typi-
cal value of ∼ 1 for dwarf irregulars, but less than a
third of the mass ratio of 81 found in the extremely low-
surface brightness galaxy Coma P, also discovered by
ALFALFA (Brunker et al. 2019). Hi observations from
the Jansky Very Large Array (JVLA) map the Hi dis-
tribution with higher spatial resolution, showing the Hi
extends much farther than the stellar distribution (see
§5 and Figure 5). The Hi kinematics of Leoncino from
the JVLA data are complicated, with no coherent veloc-
ity gradient (J. M. Cannon et al., in preparation).
From the survey of SHIELD galaxies, single-orbit
HST Advanced Camera for Surveys (ACS; Ford et al.
1998) imaging of the resolved stars in Leoncino (GO-
13750, PI Cannon; K. B. W. McQuinn et al., in prepa-
ration) revealed that the galaxy is highly compact with a
crowded inner field and contains both a young, blue stel-
lar population and an underlying older, red stellar pop-
ulation. This initial imaging confirmed that the galaxy
is near enough for HST to resolve the stars into individ-
ual point sources, but the data are of insufficient depth
to provide a constraint on the distance.
3. HST OBSERVATIONS AND DATA PROCESSING
3.1. Observations
New HST observations of Leoncino were obtained us-
ing the Wide Field Camera 3 (WFC3) in the F606W
and F814W filters between 2018 April 24 and 25 (HST
GO-15243, PI McQuinn). The initial HST ACS imag-
ing from the SHIELD survey showed the galaxy to be
highly compact with a crowded inner field. Thus, to in-
crease resolution and reduce source blending, the WFC3
camera was chosen over the ACS instrument as WFC3
has 20% smaller pixels. A total of 12 HST orbits were
split between the two filters with total integration times
of 15.0 ks in the F606W filter and 18.6 ks in the F814W
filter. The observations used the wfc3-uvis-dither-
line small dither pattern of 2.5 pixels shifts in x and
y between orbits to remove hot pixels and smooth the
detector response. The galaxy was placed on the UVIS2
chip in quadrant C to minimize geometric distortions.
The images were processed by the standard WFC3
pipeline and corrected for charge transfer efficiency
(CTE) nonlinearities caused by space radiation damage
to the WFC3 instrument. The individual images (i.e.,
flc.fits files) for each filter were median combined us-
3 The original Hi-to-stellar mass ratio estimate of 50 from
Hirschauer et al. (2016) used a stellar mass estimate from spectral
energy distribution fitting which was deemed highly uncertain.
Using the newly obtained IRAC imaging, this value is revised
downward to 25.
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Figure 1. Left: HST WFC3 3-color image of Leoncino encompassing a field of view that is twice the optical diameter with
North up and East left. The galaxy is compact, with blue stars dominating the center region, and has an extended, faint red
population. The point sources within the ellipse are used in the CMD analysis below. Right: The same field of view shown with
a log stretch that highlights the extended, lower luminosity, stellar distribution.
ing the HST Drizzlepac v2.0 software (Gonzaga 2012),
including cosmic-ray cleaning with Astrodrizzle, and
alignment with the task Tweakreg.
We present a color image of Leoncino from the HST
WFC3 imaging in the left panel of Figure 1 with a lin-
ear stretch to highlight the data quality. The compact
center of the galaxy is dominated by young stars and is
surrounded by a larger stellar disk of fainter sources. A
second image of the galaxy is shown in the right panel
of Figure 1 with a log stretch that highlights the lower
luminosity outer extent of the stellar distribution. Both
images encompass a field of view that is twice the optical
diameter (see Table 1) and were created using the driz-
zled image of the F814W data (red), an average of the
F814W and F606W data (green) and the drizzled im-
age of the F606W data (blue). The F814W and F606W
drizzled images were created with the astrodrizzle
parameters final scale set to 0.03 and final pixfrac
set to 0.6, making use of the sub-pixel dithering to im-
prove the native pixel scale of the WFC3 instrument. A
second combined image in the F606W filter was created
at the native resolution and used as a reference image
in the photometry, as described below.
3.2. Photometry
Point-Spread Function (PSF) photometry was per-
formed on the pipeline-processed, CTE-corrected,
flc.fits images using the WFC3 module of the
dolphot photometry package (Dolphin 2000). The
combined F606W images at the native WFC3 reso-
lution were used as a reference image for identifying
point sources and aligning the individual flc.fits im-
ages. We used the dolphot parameters adopted by
the Panchromatic Hubble Andromeda Treasury survey
(PHAT; Dalcanton et al. 2012), because they are opti-
mized for photometry in crowded fields.
The photometry was filtered for well-recovered stars
using standard quality cuts, including accepting sources
with an error flag < 4 and signal-to-noise ratios ≥ 4
in both filters. In addition, only point sources with low
sharpness and crowding values were included in the final
photometry ([F606Wsharp + F814Wsharp]
2 ≤ 0.075 and
[F606Wcrowd + F814Wcrowd] ≤ 1.0 mag). The sharp-
ness parameter measures whether a point source is too
sharp (similar to a cosmic ray) or too broad (indicating a
background galaxy). The crowding parameter measures
how much brighter a point source would be if nearby
stars had not been fit simultaneously. The photometry
was culled to include only stars within an ellipse cen-
tered on Leoncino. The spatial extent of the ellipse was
empirically determined based on where the point source
density dropped to the level of sources detected in an
off-galaxy region of the image. The ellipse shown in Fig-
ure 1 has a position angle of 80◦, eccentricity of 0.61, and
semi-major axis of 6.′′75 (see Table 1). The final pho-
tometry was corrected for a modest amount of Galactic
extinction (AF606W = 0.034 mag; AF814W = 0.021 mag)
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Figure 2. Left: CMD of the 147 point sources in Leoncino within the ellipse shown in the left panel of Figure 1 after
applying quality cuts (see text for details) and correcting for Galactic extinction. There is a clear main sequence of stars
with a population of redder sources that are some combination of RGB, red HeB, and AGB stars. Uncertainties are based
on photometric uncertainties and incompleteness measured from artificial star tests. The dashed line is the 50% completeness
limit. Middle: CMD with PARSEC [M/H]= −2 isochrones overlaid with ages of 25, 50, and 100 Myr. Right: CMD with the
regions encompassing upper main sequence (MS) and, possibly, blue helium burning (BHeB) stars, and that used for the TRGB
analysis outlined. The discontinuity in the F814W luminosity function, corresponding to a distance of 12.1 Mpc, is marked with
a red line.
based on the dust maps of Schlegel et al. (1998) with a
recalibration from Schlafly & Finkbeiner (2011).
Artificial star tests were performed on the images to
measure the photometric completeness using the same
photometry package and filtered on the same quality
cuts and spatial constraints as the observed stars. Ap-
proximately 500,000 artificial stars were injected in each
of the 24 flc.fits images following the spatial distribu-
tion of the photometry in the region of the galaxy. The
50% completeness limits measured from these artificial
star tests are F606W = 28.58 mag and F814W = 27.42
mag. The 50% completeness limit is reached at a mag-
nitude brighter than expected given the exposure times
due to the compact nature of the galaxy and significant
crowding in the galaxy’s center.
The final color-magnitude diagram (CMD) for Leon-
cino, shown in the left panel of Figure 2, includes a total
of 147 well-recovered stars. There is a clear sequence
of blue stars containing upper main sequence and, pos-
sibly, BHeB stars, indicative of recent star formation.
Representative uncertainties per magnitude are shown
and include uncertainties from both the photometry and
the artificial star tests. In the middle panel, we overlay
stellar evolution isochrones from the PARSEC models
(Bressan et al. 2012) for stellar ages of 25, 50, and 100
Myr assuming a metallicity of [M/H]= −2. The blue
sequence of young stars in Leoncino, which is also high-
lighted in the right panel of Figure 2, is consistent with
isochrone ages of < 100 Myr.
The cadence of the 12 observing epochs, within the 23
hour total duration of the observations, was suitable for
identifying short-period variable stars, but none were
identified. Note that RR Lyrae variable stars are far
too faint to be detected in these observations at our
derived distance. Cepheid variables would be possible
to detect, but the small number of well-recovered stars
makes detection statistically unlikely (and the ∼ one day
duration of the observations means that only a fraction
of the period of a bright Cepheid would be recorded).
4. THE DISTANCE TO LEONCINO
The WFC3 observations were designed to use the tip
of the red giant branch (TRGB) in the CMD as a dis-
tance indicator. The TRGB distance method is a stan-
dard candle approach based on calibrating the sharp dis-
continuity in a CMD at the upper boundary of the RGB
stars, just prior to the helium flash, to an absolute lu-
minosity. Robustly measuring the TRGB requires a suf-
ficient number of stars in the CMD to both unambigu-
ously identify the RGB sequence and to fully populate
the TRGB. Previous studies of low-mass systems have
shown that a minimum of ∼ 300 stars in the magni-
tude below the TRGB will result in robustly measured
distances with uncertainties of order 0.1 mag (Makarov
et al. 2006; McQuinn et al. 2013).
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Figure 3. Extinction corrected F814W luminosity function
from point sources in the RGB region of the CMD (marked
with a polygon in the right panel of Figure 2). There is a
discontinuity of the luminosity function at 26.4 mag, which
we interpret as the maximum luminosity of RGB stars just
prior to the helium flash. We adopt this as the magnitude of
the TRGB.
The CMD shown in Figure 2 is sparsely populated,
with 147 high-fidelity point sources measured in the
galaxy from observations reaching F814W ∼ 28 mag.
The low star counts are what is expected of a galaxy with
stellar masses of a few ×105 M based on modelling syn-
thetic CMDs with stellar evolution libraries (McQuinn
et al. 2013). The sparse nature of the CMD makes it
challenging to unambiguously identify the TRGB with
high precision.
Because the TRGB technique relies on identifying the
break in the luminosity function of the RGB stars, we
avoid including stars that are clearly not in the RGB
region of the CMD in our analysis. The CMD in Fig-
ure 2 has a distinct sequence of blue stars corresponding
to upper main sequence (MS) and, possibly, blue helium
burning (BHeB) stars (labeled MS star region; marked
with a rectangular outline) and a sequence of red stars
(F606W−F814W & 0.35 mag) that is a combination
of red helium burning (RHeB) stars, asymptotic giant
branch (AGB) stars, and RGB stars. While the most
luminous of these red stars are likely RHeB stars, the
fainter stars are RHeB, AGB, or RGB stars. Assuming
the average stellar metallicity in Leoncino is approxi-
mately equal to the gas-phase metallicity, the RGB is
expected to be at an F606W − F814W color of ∼ 1
based on PARSEC stellar evolution isochrones (Bres-
san et al. 2012). Using the distribution of red point
sources in the CMD and the expected color of the RGB
as guides, we select point sources from this red sequence
for TRGB analysis; this region is marked with a poly-
gon in Figure 2. The bright sources that are redder than
this region (i.e., F606W−F814W & 1.5) are likely AGB
stars.
Given the small number of point sources, we use a sim-
ple analysis to identify the TRGB. Figure 3 presents the
extinction corrected F814W luminosity function of stars
inside the region marked for TRGB analysis in Figure 2,
with bin sizes of 0.3 mag. A strong discontinuity in the
F814W luminosity function occurs in the histogram bin
edge at 26.4 mag, with a drop from 9 stars to 3 stars
in the adjacent bin. Assuming Poissonian fluctuations
for an uncertainty, a jump from 9 ±3 to 3±1.7 is sta-
tistically significant at the 1.7σ level. There are other,
smaller drops in the LF (for example, at 25.9 mag), but
these are below the 1σ significance level. The disconti-
nuity identified in the luminosity function maps to the
change in point source density at F814W= 26.4 mag in
the CMD, marked with a red line in Figure 2. The pop-
ulations of red stars above this magnitude are candidate
RHeB stars and AGB stars.
A TRGB mag of 26.4 mag corresponds to a distance
modulus of 30.4 mag, using the zero-point calibration
of the TRGB specific to the HST WFC3 filters from
Jang & Lee (2017, their averaged blue I calibration).
For the lower measurement uncertainty, we adopt 0.30
mag, based on the width of the luminosity function his-
togram. For the upper measurement uncertainty, we
adopt a more conservative estimate. It is possible that
the TRGB lies above our identified discontinuity at 26.4
mag, but belies detection due to low star counts. As
mentioned above, synthetic CMDs generated using stel-
lar evolution libraries show that the upper RGB will
be under-populated at very low galaxy masses. Thus,
our detected discontinuity may correspond to RGB stars
fainter than the actual TRGB (i.e., corresponding to a
farther distance). From the CMD in Figure 2, there are
66 stars in the region used for the TRGB analysis, which
is approximately equal to the 69 stars found in a simi-
larly sized RGB region in the synthetic CMD of a 3×105
M galaxy in McQuinn et al. (2013, their Appendix).
Leoncino also has a loose group of seven stars brighter
than the discontinuity in the luminosity function, sim-
ilar to the 8 stars in the modelled CMD. The TRGB
in the synthetic CMD lies 0.6 mag above the identified
discontinuity. We conservatively adopt 0.6 mag as the
upper measurement uncertainty on the distance mod-
ulus for Leoncino, corresponding to a range of closer
distances. This follows the same approach used for the
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Figure 4. Sources within 18 Mpc from the Cosmicflows-3 database plotted in projected supergalactic coordinates. The points
are color-coded by velocity; see side color bar for values. The location of Leoncino is marked with a blue circle, corresponding
to its Vhelio of 514 km s
−1. Major gravitational structures are labeled in the last panel and include the Local Void with an
approximate centroid near SGX, SGY, SGZ coordinates (0,0,5), the Virgo Cluster (−5,16, 0), and the Leo Spur (5,5,−5).
Leoncino lies in an under-dense region, catalogued as void number 12 in Pustilnik et al. (2019).
similarly low-mass galaxy Leo P, whose initial TRGB
distance measurement yielded 1.72+0.14−0.40 Mpc with lower
uncertainties based on the same modelling (McQuinn
et al. 2013), and whose final distance measurement from
horizontal branch and RR Lyrae stars was closer at
1.62±0.15 Mpc (McQuinn et al. 2015a). Summing our
uncertainties for Leoncino in quadrature with the zero-
point calibration uncertainties, the final distance mod-
ulus is 30.4+0.31−0.60 mag, or a distance of 12.1
+1.7
−3.4 Mpc.
Table 1 provides a list of distance-dependent values.
Based on the adopted distance of 12.1 Mpc, the MB lu-
minosity of Leoncino is −10.58+0.28−0.07 mag. The physical
size of the galaxy is small, with a major axis diameter of
only 0.8 kpc. We estimate the stellar mass in Leoncino
to be M∗ = (7.3+2.2−4.3)× 105 M, based on the integrated
flux from Spitzer Space Telescope IRAC 3.6 µm imag-
ing of Leoncino (J. M. Cannon et al., in preparation),
and assuming a mass-to-light ratio of 0.47 (McGaugh
& Schombert 2014). This value is in reasonable agree-
ment with the stellar mass of 3×105 M in the synthetic
galaxy from McQuinn et al. (2013) used as a basis to es-
timate the upper uncertainty on the distance.
We use these properties to compare Leoncino with
other extremely low-metallicity galaxies and provide
context for the possible chemical evolution pathways of
the galaxy.
5. THE ENVIRONMENT SURROUNDING
LEONCINO
The distance determination of 12.1+1.7−3.4 Mpc allows
us to explore the 3-dimensional environment around
the Leoncino dwarf galaxy. We made use of the
Cosmicflows-3 extragalactic database (CF3; Tully et al.
2016) which tabulates the distances to 18,000 galaxies
in the nearby universe. We selected all galaxies with
distances less than 18 Mpc and transformed their sky
coordinates to the supergalactic cartesian coordinate
system (SGX, SGY, SGZ):
SGX = Distance · cos(SGL) · cos(SGB) (1a)
SGY = Distance · sin(SGL) · cos(SGB) (1b)
SGZ = Distance · sin(SGB) (1c)
where SGL and SGB are the supergalactic longitude and
latitude respectively. In supergalactic coordinates, the
Milky Way lies at SGX, SGY = (0, 0) and the super-
galactic plane aligns with the SGZ = 0 plane.
Figure 4 shows the distribution of the CF3 data color-
coded by the heliocentric velocities of the galaxies. The
large, light blue point marks the location of Leoncino in
supergalactic coordinates, with uncertainties. The ma-
jor gravitational structures in the nearby universe are
readily apparent and marked in the third panel. The
Local Sheet of galaxies − which includes our Milky Way
− is located at SGZ ∼ 0. Just above the Local Sheet
at positive SGZ values is the Local Void, expanding to-
wards us (Tully et al. 2008). The Virgo Cluster includes
the largest concentration of galaxies and lies roughly
along the supergalactic plane at a distance of ∼ 16.5
Mpc in the SGY direction (Mei et al. 2007).
Below the supergalactic plane lies an additional
structure that is thought to be gravitationally linked,
namely the Leo Spur (Tully et al. 2008; Karachentsev
et al. 2015), which stretches roughly from SGY, SGZ
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Figure 5. Left: ALFALFA Hi map of the region including Leoncino and the nearby galaxy UGC 5186, plotted to a column
density of 1018 cm−2. Hi contours correspond to Hi column densities of (2.5, 5, 7.5) ×1018 cm−2 and the Hi beam size is
shown in the lower left. There is a putative detection of Hi between the two galaxies. Top Right: HST image of Leoncino
with Hi contours from the JVLA overlaid. The galaxy is extremely gas-rich with the Hi extending significantly farther than the
stellar distribution. Bottom Right: Optical image of UGC 5186 from the Dark Energy Camera Legacy Survey (DECaLS) with
Hi contours from the JVLA overlaid. The JVLA Hi contours correspond to Hi column densities of (1, 2, 4, 8) ×1020 cm−2.
No Hi was detected between the galaxies in the JVLA data. The zoomed-in optical images of Leoncino and UGC 5186 are
approximately aligned with their orientation on the sky, highlighting the outer Hi morphology of UGC 5286 is elongated in the
projected direction of Leoncino.
= (3,−6) to (10, 0). Several galaxies in the Leo Spur
have robustly measured TRGB distances ranging from
∼ 8−12 Mpc (McQuinn et al. 2014; Karachentsev et al.
2015) with radial velocities less than 500 km s−1, plac-
ing the structure in the foreground of the Virgo Cluster.
The lower uncertainties on the distance to Leoncino
overlap with the edge of the Leo Spur and the velocity
of Leoncino is consistent with the velocities measured
for Leo Spur galaxies. It is possible that Leoncino lies
at the edge of this structure.
Overall, Leoncino is located in an under-dense region
or void, well inside an area corresponding to Void No. 12
in the void catalog of Pustilnik et al. (2019). We found
no neighboring galaxies within 1 Mpc of Leoncino in the
CF3 data set nor in the Updated Nearby Galaxy Catalog
(Karachentsev et al. 2013). Note that this does not pre-
clude the possibility that one or more of these galaxies
are in the vicinity of Leoncino. The distances to the ma-
jority of the sources in the full CF3 database (67%) were
determined using the Tully-Fisher (TF) relation, which
have a minimum uncertainty of ∼20% (e.g., Tully et al.
2013). At the nominal distance to Leoncino, this trans-
lates to a distance uncertainty of 2.4 Mpc. Note also,
that in specific cases, TF distances can be uncertain by a
factor of two or more (see, e.g., McQuinn et al. 2016a,b,
2017, for comparisons of TF distances with more secure
distance methods).
We did identify two galaxies that are nearby on the sky
and with similar radial velocities to Leoncino using the
ALFALFA Hi data set. The first is UGC 5209 (KKH 54)
located 75′ from Leoncino in projection, which translates
to a minimum separation of 264 kpc at the distance of
Leoncino. UGC 5209 has a heliocentric velocity, Vhelio
of 538 km s−1, which is comparable to Vhelio of 514
km s−1 of Leoncino. UGC 5209 has a TRGB distance
of 10.42±0.35 Mpc (Karachentsev et al. 2015) and is
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located in the same Void No. 12 as Leoncino (Pustilnik
et al. 2019).
The second is UGC 5186, located 13′ in projection
from Leoncino, which translates to a minimum separa-
tion of 46 kpc at the distance of Leoncino, with a helio-
centric velocity Vhelio of 549 km s
−1.
UGC 5186 is also found in Void No. 12 (Pustilnik et al.
2019). The galaxy has a distance estimate of 10.8 Mpc
based on the velocity with a correction for local motion
(Pustilnik & Tepliakova 2011) and an alternate distance
of 8.3 Mpc based on the TF method (Tully et al. 2013).
The flow-model distance is favored in Pustilnik & Tepli-
akova (2011) based on studying the motions of galaxies
in Void No. 12, which we adopt at the best estimate of
the distance.
The ALFALFA Hi map, shown in the left panel of Fig-
ure 5, suggests there is Hi gas connecting Leoncino and
UGC 5186. Follow-up, higher spatial resolution JVLA
data show the Hi distribution in UGC 5186 is elongated
towards Leoncino, as seen in the lower right panel in
Figure 5, which also suggests an ongoing gravitational
interaction between the two galaxies. No low surface
brightness gas between the two galaxies is detected in
the higher resolution JVLA data, but the column den-
sity detection limit is a factor of 10 higher than the AL-
FALFA data. Despite the physical separation implied
by the distances of 12.1 Mpc to Leoncino and the flow-
model distance of 10.8 Mpc to UGC 5186, the uncertain-
ties on both distances, similar radial velocities, and Hi
distributions leaves open the possibility that UGC 5186
is a close neighbor to Leoncino and the two are inter-
acting. We discuss the impact that such an interaction
could have in triggering the recent star formation activ-
ity in Leoncino in §7.
The Hubble-Lemaˆıtre diagram in Figure 6 allows us to
compare the velocity, measured in the Galactic standard
of rest, Vgsr, and the distance to Leoncino with other
galaxies in the nearby universe. We selected all galaxies
from the CF3 extragalactic database (Tully et al. 2016)
with distances less than 20 Mpc and within a 20◦ cone
of Leoncino, corresponding to a cone with a physical di-
ameter of ∼ 4 Mpc at the distance of Leoncino. Because
of the gravitational pull of the Virgo cluster, this volume
in space is known to have peculiar flow velocities. As a
result, many systems are offset from a Hubble-Lemaˆıtre
law expectation assuming an approximate Hubble con-
stant value of ∼ 70 km s−1 Mpc−1. Based on our mea-
sured distance, Leoncino is consistent with the Hubble
flow in this region, as shown in Figure 6.
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Figure 6. Galactic standard of rest velocities (Vgsr) versus
distance for galaxies within a 20 degree cone of Leoncino from
the Cosmicflows-3 database (Tully et al. 2016). The solid
line represents a Hubble-Lemaˆıtre law assuming a Hubble
constant of 70 km s−1 Mpc−1. The majority of galaxies in
this region of the sky are known to have peculiar velocities
and lie below this line. At the adopted distance of 12.1 Mpc,
Leoncino is consistent with other galaxies nearby on the sky.
6. LEONCINO ON THE LZ AND MZ RELATIONS
An important aim of the present work is to explore the
chemical evolution pathway of the XMP galaxy Leon-
cino. Thus, in this section, we examine the location of
Leoncino in the LZ and MZ planes relative to other star-
forming low-mass galaxies. We start with the LZ rela-
tion and present the oxygen abundances as a function of
absolute luminosity, as the luminosity is the more read-
ily available measurement from different studies. We
then examine the location of Leoncino in the MZ re-
lation. While stellar masses are not available for as
many galaxies in the comparison samples, the MZ re-
lation traces the more fundamental quantity of stellar
mass and is less impacted by fluctuations in recent star-
formation rates than the LZ relation.
6.1. Oxygen Abundances
For all examinations of the LZ and MZ relations, we
restrict the comparisons to galaxies with oxygen abun-
dances determined using the direct method from the
temperature sensitive [O III] λ4363 auroral line. Other
theoretical and empirical abundance methods that de-
pend solely on the ratio of strong emission lines have
been shown to vary by different amounts depending on
the methods and models used, as well as the properties
The Leoncino Dwarf Galaxy: the Low-Metallicity End of the LZ and MZ Relations 11
of the calibration samples (e.g., van Zee & Haynes 2006;
Kewley & Ellison 2008; Moustakas et al. 2010; Andrews
& Martini 2013). Therefore, to conduct a uniform anal-
ysis, we do not include oxygen abundances derived using
strong-line methods in our comparisons.
6.2. The Luminosity-Metallicity Relation
Luminosity measurements are readily available for a
larger sample of galaxies than the derived quantity of
stellar mass. To place the properties of Leoncino in a
broader context, we present a comparison of the oxy-
gen abundances of low-mass galaxies as a function of
absolute optical luminosity. We include galaxies in typ-
ical field environments in the Local Volume from Berg
et al. (2012), galaxies in void environments from Pustil-
nik et al. (2016) and Kniazev et al. (2018), and XMP
galaxies from various studies.
6.2.1. Local Volume Legacy Galaxies
We begin with a comparison of the oxygen abundance
as a function of luminosity for Leoncino and typical,
low-mass, star-forming galaxies in the nearby universe,
shown in the left panel of Figure 7. The sample of low-
mass galaxies is drawn from Berg et al. (2012) and in-
cludes the subset of galaxies in the Local Volume Legacy
(LVL) survey with direct-method oxygen abundances
and high-quality distances (i.e., their ‘Combined Select’
sample). The LVL galaxies lie along a tight correlation
with a best fit line of 6.27±0.21− (0.11± 0.01)MB and
an intrinsic dispersion in log(O/H) of σ = 0.13, repro-
duced on the plot as a solid black line with the 1σ range
shaded in grey.
Leoncino, shown in red in Figure 7, lies somewhat off
the LZ relation. Despite Leoncino’s low stellar mass of
7.3×105 M, the galaxy hosts a significant number of
young, luminous, upper main sequence stars (seen in
the CMD of Figure 2), which suggests that the offset
from the LZ relation may be due to the higher lumi-
nosity of these stars. We examine this quantitatively in
§7.1. Also shown is the galaxy Leo P, similarly discov-
ered via its Hi content in the ALFALFA survey, which
agrees with the LZ relation (Skillman et al. 2013). Leo P
has a comparable stellar mass of 5.6×105 M, but sig-
nificantly fewer stars in the upper main sequence region
(McQuinn et al. 2015a).
6.2.2. Void Galaxies
Next, as Leoncino is located in a void (Pustilnik et al.
2019), we consider a population of galaxies in low-
density regions and where they lie relative to the LZ re-
lation. Recent studies have compared the oxygen abun-
dance of galaxies in void environments with galaxies in
more typical field environments. Void galaxies are re-
ported to lie in a parallel sequence to the Berg et al.
(2012) relation for typical LVL field galaxies, but offset
to lower oxygen abundances by 30-40%, in a comparison
of 81 low-mass systems in the Lynx-Cancer void (Pustil-
nik et al. 2016) and 36 similar systems in the Eridanus
void from the same project (Kniazev et al. 2018). Oxy-
gen abundances were measured via the direct method
when the [O III] λ4363 line was detected and via the
strong emission lines using semi-empirical and empirical
methods when it was undetected.
Adopting the same criteria for our comparison of
galaxies in void environments, we selected only the
galaxies from the void survey program of Pustilnik
et al. (2016) with direct-method abundances and over-
plot them as blue triangles in right panel of Figure 7.
The sample represents 31 galaxies of the Lynx-Cancer
void sample from Pustilnik et al. (2016) and 16 galax-
ies from the Eridanus void sample from Kniazev et al.
(2018). Most of the selected galaxies are consistent with
the LZ relationship defined by Local Volume galaxies by
Berg et al. (2012), with a small bias toward lower values
of O/H.
To compare the groups statistically, we performed a
linear regression on the void galaxy data. We excluded
the three XMP galaxies that are significant outliers from
the rest of the sample in Figure 7. Galaxies that lie
away from the LZ relation are thought to have fol-
lowed different evolutionary pathways, perhaps as a re-
sult of tidal interactions that lead to gas infall and more
effective mixing in the ISM (e.g., Ekta & Chengalur
2010, and see discussion below). The best-fitting line
to this sub-sample with direct method measurements is
6.26±0.25 − (0.10 ± 0.02)MB and an intrinsic disper-
sion in log(O/H) of σ = 0.14, shown as a cyan line with
the 1σ range shaded. This best-fitting line for the void
galaxies lies below but is consistent with the relation
for low-mass galaxies in typical field environments from
Berg et al. (2012). If we include the three XMP galaxies
that are offset from the trend, the two relations are still
consistent with one another but the best-fitting line to
the void galaxies has a steeper slope than the one shown
(5.91±0.30 − (0.12 ± 0.02)MB and an intrinsic disper-
sion in log(O/H) of σ = 0.19). Having interferometric
Hi observations of these three systems would be highly
desirable in order to test the hypothesis that their low
abundances are externally driven by interactions.
In summary, when only direct-method abundances
are considered, the best-fitting lines between the void
dwarf galaxies and gas-rich dwarf galaxies in more typ-
ical field environments are separated by < 1σ. Quan-
titatively, the dispersions from the two lines combined
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Figure 7. Luminosity (MB) vs. 12+log(O/H). The luminosity of Leoncino is based on the adopted distance of 12.1 Mpc. Left:
Typical, star-forming low-mass galaxies with direct-method oxygen abundances and robust distances from the Local Volume
Legacy (LVL) sample form a tight relation (Berg et al. 2012, black triangles). The Leoncino dwarf, which hosts a population
of young, luminous stars, lies slightly off the LZ relation. Leo P, a comparable-mass galaxy that hosts fewer young stars, lies
on the LZ relation. Right panel: We add galaxies in void environments that have direct-method oxygen abundances (Pustilnik
et al. 2016; Kniazev et al. 2018, small cyan triangles). The best-fitting line and dispersion to the void galaxies is shown in cyan.
When galaxies with only direct-method oxygen abundances are included, the LZ relation for void galaxies is consistent with the
relation for galaxies in field environments.
in quadrature yield a value of 0.21, which can be com-
pared to the separation of 0.16 at MB = −18 mag and
0.12 at MB = −13 mag. The void galaxies are biased
towards lower abundances, but the difference is quite
small. Since our direct-method abundance criteria re-
moved a significant number of void galaxies in the orig-
inal sample, follow-up direct-method measurements are
needed to confirm this result.
6.2.3. XMP Galaxies: 12+log(O/H) ≤ 7.35
Finally, we compare Leoncino with other galaxies with
oxygen abundances below∼ 5% Z(12+log(O/H)=7.35)
in the LZ plane, shown in the left panel of Figure 8. As
defined in §1, we refer to these galaxies as “XMP” for
extremely metal-poor. Again, we limit our comparison
sample to those with oxygen abundances measured us-
ing the direct method. To simplify the plot, we now
show the data from the LVL galaxies in Berg et al.
(2012) and the void galaxies from Pustilnik et al. (2016)
and Kniazev et al. (2018) as transparent black and cyan
points, respectively, with their best-fitting lines and
dispersions.
We include the best-known XMP galaxies, namely
I Zw 18, DDO 68, and SBS 0335-52, and the well-studied
XMP galaxies from Ekta et al. (2008). In addition to be-
ing metal poor, these are high surface brightness galaxies
and significant outliers in the LVL LZ relation.
We also add more recently discovered XMP galaxies
from various studies. Three galaxies are from Yang et al.
(2017, blue right-facing triangles) who studied a sam-
ple of 40 low-mass (log(M∗/M)∼ 6.5 − 7.5), compact
(< 1 kpc), high-ionization ([OIII]/[OII] ∼ 10−60) galax-
ies or “blueberries”. These galaxies were selected based
on properties that are driven by significant recent star
formation (i.e., high ionization parameters), which can
introduce shifts towards higher luminosity. All three
blueberry galaxies are significantly offset from the LZ
relation.
Four galaxies are from Izotov et al. (2018) and Izo-
tov et al. (2019, dark green diamonds), including one
system below 12+log(O/H) =7.0. These systems were
found via emission line ratio searches in SDSS and span
∼ 5 mag in luminosity, but only ∼ 0.3 dex in oxygen
abundance. Three galaxies are from Guseva et al. (2017,
yellow pentagons), who searched SDSS DR12 for metal-
poor galaxies that were not included in SDSS DR10.4
These systems all lie off the LZ relation, including two
which are among the most extreme outliers in Figure 8.
One galaxy, nicknamed the Little Cub for its loca-
tion in the constellation Ursa Major (J1044+6306; Hsyu
et al. 2017, orange triangle), lies close to the LZ rela-
tion. This system was discovered using different criteria
in SDSS. Instead of searching via emission line ratios,
Hsyu et al. (2017) used the photometric colors of Leo P
4 We include only direct-method oxygen abundances from Gu-
seva et al. (2017) with a 3σ detection of the [O III] λ4363 line.
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Figure 8. Left panel: Luminosity vs. 12+log(O/H) reproduced from Figure 7 with the addition of other XMP galaxies with
oxygen abundances below 5% Z from various studies measured with the direct-method. All XMP galaxies are offset from the
LZ relation, with the exception of the Leo P galaxy whose low metallicity has been shown to driven by inefficient star formation
and galactic winds (McQuinn et al. 2015b) and J1005+3772 (Senchyna & Stark 2019). If the young, upper main sequence stars
in Leoncino are excluded, Leoncino agrees with the LZ relation based on the estimated fainter luminosity. Uncertainties in
oxygen abundance are smaller than some of the points. Right panel: Log stellar mass vs. 12+log(O/H). The stellar mass of
Leoncino is based the 3.6 µm flux, a M/L ratio of 0.47, and the adopted distance of 12.1 Mpc. Typical, star-forming low-mass
galaxies with direct-method oxygen abundances and robust distances from the Local Volume Legacy sample form a tight relation
in the MZ plane with less dispersion than the LZ relation (Berg et al. 2012, black triangles). The best-fitting line is shown as a
solid line with the 1σ uncertainties shaded in grey. A number of XMP galaxies that were offset in the LZ plane now agree with
the MZ relation, including Leoncino, and there is significantly less scatter when considering all the additional XMP galaxies
shown. Plot symbols are labeled in the legend with references for the oxygen abundances; a second reference is provided if the
stellar mass was obtained from a separate study. See text for details.
and I Zw 18 as a template (for similar searches, see
also James et al. 2015; Hsyu et al. 2018). Finally, two
galaxies are from Senchyna & Stark (2019, light blue
circles), who identified candidates from SDSS imaging
with g′ and r′ excesses, corresponding to systems with
large specific star formation rates and high equivalent
width emission. One of these galaxies, J1005+3722, is
consistent with the LVL LZ relation.
Note that the absolute luminosities are dependent on
the distances to galaxies that are measured using various
techniques that have varying accuracies, and sometimes
with uncertainties that are not well-quantified. In most
studies, the uncertainty on distance is not reported and
adds unknown scatter in the LZ relation (see, e.g., Berg
et al. 2012, for an analysis of how high-quality distances
reduce the scatter in the LZ relation). A few studies
report g-band luminosities instead of B-band, as noted
in the legend of Figure 8, which impacts the placement
on the LZ relation of order a few tenths of a magnitude.
With the exception of the low-luminosity galaxies
Leo P and J1005+3722, the XMP galaxies are all out-
liers on the LZ relation. These outlier galaxies share a
common set of characteristics, based on the properties
reported in the various studies listed in Figure 8. The
systems are compact, with physical sizes of their stel-
lar disk of order 1 kpc. Where sufficient photometric
depth is achieved, the galaxies also show an extended
older stellar population (e.g., Annibali et al. 2013; Sac-
chi et al. 2016). Many of these galaxies are classified as
blue compact dwarfs. Significant populations of massive
stars are present in the systems, reported via different
metrics including high specific star formation rates, star-
bursts with young (.10 Myr) ages, and high ionization
states measured in the gas. Where Hi data are available,
the galaxies show extended Hi disks suggesting high gas-
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to-stellar mass ratios. The observed gaseous disks ubiq-
uitously show signs of interaction or gravitational dis-
turbance (i.e., I Zw 18, SBS 0335-052W, DDO 68; van
Zee et al. 1998; Ekta et al. 2009; Lelli et al. 2014; Cannon
et al. 2014; Paudel et al. 2018; Annibali et al. 2019).
Leoncino has all of these characteristics. It is compact
(D = 0.8 kpc) with an extended older population. Leon-
cino hosts significant recent star formation evidenced by
a population of young massive stars (see CMD in Fig-
ure 2). The Hi is significantly larger than the stellar
distribution (Figure 5) with MHI/M∗ = 25 M. While
in a void environment, the Hi observations are suggestive
of a minor interaction with UGC 5186 (see Figure 5).
The recent star-formation activity in these galaxies
contributes to the offset from the LZ relation. If galax-
ies have high specific star formation rates, their place-
ment in the LZ relation will be biased towards higher
luminosity (due to the high luminosity of young massive
stars and the contribution of strong emission lines) when
compared to galaxies of similar mass with more typical
star-formation activity. Note that the gap in the LZ di-
agram between the Berg et al. (2012) relation and the
XMP delineation is by construction. There are various
samples of galaxies that populate this region (e.g., Berg
et al. 2016; James et al. 2017; Yang et al. 2017; Berg
et al. 2019). These galaxies are not as extreme in their
properties (or as offset from the LZ relation) as XMP
galaxies, but these systems may have also experienced
an event that lowers the oxygen abundance and triggers
star formation.
While comparisons of local star-forming dwarfs found
similar dispersions for the LZ and MZ relation (Berg
et al. 2012), the LZ relation will be more sensitive to
outliers. This is demonstrated in the next section where
we compare the oxygen abundances with the stellar mass
of galaxies.
6.3. The Mass-Metallicity Relation
We present the oxygen abundances as a function of
stellar mass in the right panel of Figure 8. Simi-
larly to the LZ relation, we show the subset of the
LVL galaxy sample with robustly quantified direct-
method abundances and high-quality distances from
Berg et al. (2012). Stellar masses were calculated based
on an infrared mass-to-light ratio relation that uses
Spitzer Space Telescope 4.5 µm and ground-based K-
band fluxes. The LVL galaxies lie along a tight correla-
tion with a best fit line of 5.61±0.24+(0.29±−0.03)M∗
and a dispersion in log(O/H) of σ = 0.21. Going for-
ward, we will refer to this relationship as the LVL MZ
relation and it is reproduced on the plot as a solid black
line with the 1σ range shaded in grey.
Leoncino, shown in red in Figure 8, agrees within
the uncertainties with the MZ relation for typical star-
forming field galaxies. As described above, we estimated
the stellar mass of Leoncino using an infrared flux and
assuming a mass-to-light ratio, similar to the approach
used in Berg et al. (2012). Leo P, shown on the plot as a
blue star, also agrees with the MZ relation based on the
stellar mass measured from CMD fitting from McQuinn
et al. (2015a). Both systems were discovered via their Hi
content in the ALFALFA survey and their properties are
consistent with an extrapolation from typical low-mass
galaxies in the Local Volume.
Also shown in the MZ diagram in the right panel of
Figure 8 are star-forming, XMP galaxies from many of
the same studies highlighted in the LZ relation in the
left panel. Stellar masses were obtained from a variety of
sources. Wherever possible, we adopt the stellar masses
from the same study from which the oxygen abundances
were derived. Specifically, Yang et al. (2017) report stel-
lar masses for the blueberry galaxies based on spectral
energy distribution (SED) fits of ugrizy photometry with
Starburst99 models (Leitherer et al. 1999) after sub-
tracting strong emission lines from the gri-band data.
Izotov et al. (2018) provide stellar masses using a spec-
tral fitting technique for two galaxies; no stellar masses
were available for the two systems in Izotov et al. (2019).
Guseva et al. (2017) report stellar masses but no details
were given on their derivation. Hsyu et al. (2017) pro-
vide a range in stellar mass for the Little Cub based on
the likely range in distance to the galaxy and assuming
an optical mass-to-light ratio. Senchyna & Stark (2019)
estimate stellar masses with high but unquantified sys-
tematic uncertainties using stellar population synthesis
modelling and an optical mass-to-light ratio.
For the remaining galaxies, stellar masses were ob-
tained from separate studies. For DDO 68, we use
the stellar mass derived from CMD fitting from Sac-
chi et al. (2016) and assume a 40% gas return fraction
(Vincenzo et al. 2016). For I Zw 18, we use the lower
limit on the stellar mass similarly derived from CMD
fitting from Annibali et al. (2013). For SBS 0335−052,
we use an estimate of the stellar mass based on mod-
elling the mass and age of stellar clusters in Schneider
et al. (2016), which is noted to have large uncertain-
ties. We obtained the stellar mass for one of the galax-
ies (UGC 772) in Ekta et al. (2008) from a catalog of
interacting dwarfs based on assuming an optical mass-
to-light ratio of SDSS g− and r−band imaging (Paudel
et al. 2018).
Given the different methods for calculating stellar
masses and unquantified systematic uncertainties, the
placement of galaxies along the x-axis in the MZ rela-
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tion shown in Figure 8 should only be interpreted as
representative. Nonetheless, the change in the distri-
bution of galaxies in the MZ versus the LZ relation is
readily apparent. We discuss these differences in detail
in §7.1.
7. DISCUSSION
7.1. Chemical Evolution Pathways for XMP Galaxies
Of the XMP galaxies shown in Figure 8, nearly all
are outliers on the LVL LZ relation, and some are sig-
nificantly discrepant. In contrast, when comparing the
metallicity with the more fundamental quantity of stel-
lar mass in the MZ plane, a number of XMP galaxies are
consistent with the LVL MZ relation and there is signif-
icantly less scatter. This suggests two different chemical
evolution pathways for XMP galaxies.
For the outliers in both relations, the lower abun-
dances relative to the expected LZ and MZ trends and
the higher luminosities relative to the LZ trend are
likely attributable to external events. Ekta & Chen-
galur (2010) find evidence of gravitational interactions
for metal-poor galaxies, while Filho et al. (2015) sug-
gest there are metal-poor accretion flows in metal-poor
galaxies. In both scenarios, the impact of these external
events on the galaxies follows the same path. Pristine
Hi gas is driven into the center regions of the galaxies
where it mixes with the ISM, simultaneously diluting
the oxygen abundance and fueling a period of high star-
formation activity. The common characteristics of high
recent star formation activity, high gas-to-star ratios,
and disturbed Hi discs in cases where interactions may
be present, described in detail in §6, support this inter-
pretation.
The offset of these same galaxies from the LVL MZ
relation supports this scenario, as the extremely low
oxygen abundances are incongruent with the expected
chemical enrichment at these galaxy masses. A simi-
lar conclusion was reached for higher-mass galaxies that
are outliers from the mass-metallicity relation (Peeples
et al. 2009).
The larger discrepancies in the LZ plane versus the
MZ plane highlight how much of the offset in the LZ
relation is due to enhanced luminosity from higher star-
formation activity versus the decrease in oxygen abun-
dance by dilution from infall of pristine gas. To explore
the potential contribution of these two components, we
perform a simple calculation to estimate how much dis-
placement from the LZ relation could be the result of
higher luminosities and then we estimate the amount of
pristine gas needed to account for the remaining offset.
From Figure 8, deviations from the LVL LZ relation for
the most extreme cases reach several magnitudes in lu-
minosity and as much as a decade in oxygen abundance.
More typical offsets are of order 3−4 mag in luminosity
and 0.6 dex in oxygen abundance. Izotov et al. (2019) es-
timate that the luminosity increase for the XMP galaxy
J0811+4730 could be as much as 2 mags, due to the con-
tribution of the nebular continuum and emission lines to
the g-band luminosity. A luminosity difference of 2 mags
accounts for approximately half the offset from the LZ
trend. Thus, we consider how much pristine gas would
need to be added to reduce the oxygen abundance by
0.3 dex (e.g., from 12+log(O/H) of 7.5 to 7.2), which
is consistent with deviations of these galaxies from the
LVL MZ relation. Assuming the additional gas does not
contain oxygen, the Hi mass in the star-forming region
where the oxygen abundance is measured would need
to be doubled. Based on the existing Hi data of XMP
galaxies, there are substantial gas reservoirs in these sys-
tems that could provide this additional material (e.g.,
Filho et al. 2013).
In summary, for the outliers in both the LZ and MZ
planes, the pathway to becoming such a metal-poor
galaxy requires an external event, and the offset from
the LZ and MZ relations is temporary. The ISM is ex-
pected to be quickly enriched with newly synthesized
material from the high star-formation activity, and, af-
ter the high star formation declines, the high luminosity
will subsequently decline in turn. The enrichment of the
ISM will also move the galaxies towards the LZ and MZ
relations.
In contrast, for the galaxies that are outliers in the
LZ relation but agree with the MZ relation, including
Leoncino, secular evolution may be the dominant factor
in determining the low metal content of XMP galax-
ies. The displacement in the LZ plane may be due to
higher levels of recent star formation, but the low oxy-
gen abundance is likely a result primarily of inefficient
star formation and metal loss via stellar-feedback driven
galactic winds. This scenario was explored in detail for
Leo P, one of only two XMP galaxies that agree with
both the LVL LZ and MZ relations, whose low oxygen
abundance has been attributed to low star formation
rates and metal expulsion (McQuinn et al. 2015b).
Specifically for Leoncino, the offset from the LZ trend
is attributable to the population of young, massive stars
whose formation may have been triggered by a minor
interaction with UGC 5186. Using the resolved stars
in the CMD in Figure 2, we estimate Leoncino would
be ∼ 1.3 mag fainter in the V -band equivalent F606W
filter without the population of bright upper main se-
quence stars. This luminosity offset if derived by ac-
counting for the contribution from stars brighter than
27.0 mag in the F606W filter and bluer than 0.35 mag
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in F606W−F814W colors, corresponding to the 100 Myr
isochrone from the PARSEC stellar evolution models. A
simple modellng exercise with Starburst99 (Leitherer
et al. 1999) shows this corresponds to a 100 Myr burst of
star formation of ∼5% the stellar mass of Leoncino. As-
suming a B−V color of ∼ 0 for these hot stars, we apply
this 1.3 mag difference to the integrated B-band lumi-
nosity and estimate MB ∼ −9.3 mag for the remainder
of the galaxy. At this fainter magnitude, Leoncino would
agree within the uncertainties with the LZ relation of
typical star-forming galaxies in the Local Volume.
Thus, recent star-formation activity, possibly trig-
gered by an interaction with UGC 5186, is likely re-
sponsible for driving Leoncino off the LVL LZ relation.
Modest gas infall from the outer disk of Leoncino may
also contribute to the offset from the LZ relation to lower
abundances (and it may also have played a role in the
case of the other galaxies that agree with the MZ rela-
tion); however, if infall is occurring, it is likely limited
in scope. In summary, an external event does not ap-
pear to be the primary driver of the low gas-phase oxy-
gen abundance in Leoncino. Instead, the main chemical
evolution pathway is secular in nature and consistent
with an extrapolation of typical star-forming galaxies to
lower masses.
7.2. The Missing XMP Galaxies on the LZ Relation
Searches for metal-poor galaxies are becoming more
fruitful and we are beginning to populate the low-
metallicity end of the LZ relation with robust, direct-
method oxygen abundances (see §1). Despite these suc-
cesses, detections of XMP galaxies with abundances less
than ∼5% Z remain rare. When systems are identified,
they are almost always outliers in the LZ relation; Leo P
and J1005+3722 are the only two star-forming galaxies
with a direct oxygen abundance below 5% Z that are
consistent with the relation. Even when searches are
designed for low-luminosity XMP galaxies (i.e., using
search criteria modeled after the color and morphology
of the low-luminosity XMP galaxy Leo P; James et al.
2015; Hsyu et al. 2017; Hsyu et al. 2018), the XMP sys-
tems they identify are offset from the LZ relation.
The disparity between finding galaxies with oxygen
abundances below 5% Z that lie off or on the LZ trend
is likely caused by three factors. The first is a selec-
tion effect. XMP galaxies that lie along the LZ relation
have appreciably fainter luminosities and lower surface
brightnesses and are more difficult to detect than those
that lie off the relation. Starbursting XMP galaxies can
be detected out to vastly greater distances (e.g., at z
∼ 0.2, as opposed to the Local Volume), so that com-
paring their intrinsic volume number densities is very
difficult. Exacerbating the disparity, the properties of
the higher luminosity XMP systems − such as high ion-
ization states and strong emission lines that dominate
their colors − facilitate unique search criteria which fur-
ther increase the likelihood of detection in SDSS data
relative to quiescent XMP galaxies5 (e.g., Yang et al.
2017; Berg et al. 2016).
The second factor is that there may be very metal-
poor galaxies in current surveys that cannot be identi-
fied as such because their gas-phase oxygen abundance
measurements are unattainable. In order to measure an
oxygen abundance in a galaxy, there must be an Hii
region driven by a high-mass O star. At low star for-
mation rates corresponding to the low-luminosity end of
the LZ relation (∼ 10−5 M yr−1), the upper IMF is
not always fully populated and, thus, there may be a
population of XMP galaxies without bright Hii regions,
or, in fact, any Hii regions at all. It is likely that there
are additional low-luminosity XMP galaxies in current
surveys that are unclassified as such.
A prototype for this class of uncatalogued low-
luminosity XMP galaxies could be the Local Group
Sagittarius Dwarf Irregular galaxy. Skillman et al.
(1989b) measured a nebular oxygen abundance of 12
+ log(O/H) = 7.4, just above our 5% Z threshold, but
this was estimated using the R23 strong line method be-
cause the low surface brightness nature of the Hii region
did not allow an [O III] λ4363 measurement. A similar
result was obtained by Saviane et al. (2002). With this
oxygen abundance, and the luminosity and stellar mass
reported in Skillman et al. (1989b) and Saviane et al.
(2002) respectively, Sag DIG is consistent with the LZ
and MZ relationships. Although this galaxy is left out of
most XMP compilations because of the lack of an [O III]
λ4363 detection, it is sufficiently nearby that HST ob-
servations of the stellar populations are able to show
that even the recently formed stars are substantially
metal-poor (Z ≈ 0.0004; Momany et al. 2005). Simi-
larly, the Local Group galaxy LGS-3 has been forming
stars right up to the present, and the stellar metallicity
is consistent with the XMP criteria of ∼5% Z, but the
galaxy has no Hii regions at all (Hidalgo et al. 2011).
Finally, the number of observable metal-poor galax-
ies may be low given the apparent magnitude limits of
surveys and a possible turn-over in the galaxy luminos-
ity function. Detailed modeling of the galaxy luminos-
ity function at low masses predicts of order six quies-
cent galaxies with oxygen abundances below ∼10% Z
from the SDSS-DR7 spectroscopic survey when assum-
5 We emphasize, however, that XMP galaxies which lie off the
LZ relation are still a challenging population to find.
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ing that the baryon fraction decreases in low-mass dark
matter halos (Sa´nchez Almeida et al. 2017). In this sce-
nario, the galaxy luminosity function is not extrapolated
to rise at lower masses, but flattens as low-mass halos
are quenched due to heating from the ultraviolet back-
ground radiation and stellar feedback. With suppressed
numbers of low-mass systems, the prediction is that
there will be a correspondingly lower number of XMP
systems in the volume probed by current surveys. The
dominant restricting factor is shown to be the apparent
magnitude limit, suggesting that upcoming, deep, wide
field surveys have the potential for discovering signifi-
cant numbers of XMP galaxies. In the meantime, low-
luminosity XMP galaxies in the nearby universe that lie
on the LVL LZ relation remain elusive.
8. CONCLUSIONS
The number of discoveries of extremely metal-poor
(XMP; 12+log(O/H)< 7.35 or . 120 Z) galaxies in the
past few years is impressive and offers a growing sam-
ple that can be used to study star formation in ISM
conditions analogous to the early universe. The Leon-
cino dwarf (AGC 198691), discovered via its Hi in the
ALFALFA survey, is one of these newly found systems,
with a gas-phase oxygen abundance of 12+log(O/H)=
7.12±0.04 measured via the temperature sensitive [O III]
λ4363 auroral line (i.e., the direct method). Using HST
optical imaging of the resolved stellar populations of
Leoncino, we find that the CMD is sparsely populated,
with only 147 sources brighter than F814W∼ 28.5 mag.
Despite the low star counts, the galaxy has a well-
defined main sequence branch of young, massive stars.
By identifying the TRGB, the distance is measured to be
12.1+1.7−3.4 Mpc, placing Leoncino in an under-dense galac-
tic environment and in the nearby Void No. 12 (Pustilnik
et al. 2019). Even though the overall density of galax-
ies is low, Leoncino is located at a projected distance
of only 46 kpc from UGC 5186 and an offset of only
35 km s−1 in radial velocity and shows signs of an in-
teraction including a putative detection of Hi between
the two galaxies (see Figure 5; J. M. Cannon et al., in
preparation).
Similar to nearly all of the known XMP galaxies in
the nearby universe, Leoncino lies off the luminosity-
metallicity (LZ) relation defined by gas-rich, star-
forming galaxies in the Local Volume (Berg et al. 2012).
We limit our comparison to only systems with oxy-
gen abundances measured with the direct method to
avoid introducing systematic uncertainties from differ-
ent metallicity indicators (see Figure 7). When we
constrain that sample in this way, we find no signif-
icant differences in low-metallicity galaxies found in
void environments from those evolving in more typical
field environments. Additional direct-method oxygen
abundances would be useful in confirming this result.
Thus, even though Leoncino is located in a void, the
offset from the LZ relation is not likely due to a distinct
evolutionary path in a low-density environment.
The XMP galaxies that are outliers from the LZ re-
lation, including Leoncino, share a number of common
characteristics including a compact size, significant re-
cent star-formation activity, and, where measured, ex-
tended and disturbed Hi disks indicative of interactions.
When examined in the MZ plane, which involves the
more fundamental quantity of stellar mass, only a sub-
set of the galaxies remain outliers and there is signif-
icantly less scatter (Figure 8). For the galaxies that
remain outliers, we find their properties to be consis-
tent with previous interpretations that the low oxygen
abundances and high luminosities of XMP galaxies off-
set from the LZ relation are due to the infall of pris-
tine gas, predominantly from the outer disks of of the
galaxies themselves driven by an interaction (Ekta &
Chengalur 2010; Peeples et al. 2009) or by metal-poor
gas accretion (Filho et al. 2015). Although intrinsically
rare, these galaxies are preferentially found in emission-
line surveys and high surface brightness surveys (e.g.,
SDSS) and can be found to very large distances (i.e.,
over larger volumes).
The few galaxies that agree with the MZ relation
− including Leoncino − have low oxygen abundances
that are consistent with expectations from secular evo-
lution. Their chemical evolution can be explained based
primarily on inefficient star formation and metal-loss
via stellar-feedback driven galactic winds at these low
galaxy masses. The offset from the LZ relation for these
systems is likely still due to a recent burst of star for-
mation. In the case of Leoncino, the recent star for-
mation appears triggered by a minor interaction with
UGC 5186. If the young, upper main sequence stars in
the CMD are excluded, Leoncino agrees with the LZ re-
lation based on the fainter, integrated luminosity. Sim-
ilar to the low-luminosity galaxy Leo P that is consis-
tent with both the LVL LZ and MZ relations, Leoncino
was discovered via its Hi content from the ALFALFA
survey, which appears to be an efficient approach to
finding XMP galaxies whose low oxygen abundance is
a result of secular evolution at the low-mass end of the
galaxy mass function. Upcoming, blind Hi surveys open
up promising opportunities for increasing detections of
such systems.
XMP galaxies that are not outliers to the LZ relation
remain difficult to find. This is likely due to a num-
ber of factors including (i) a bias against finding ever-
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fainter galaxies compared to the higher surface bright-
ness XMP galaxies, (ii) the inability of measuring oxy-
gen abundances in all low-luminosity galaxies as they
do not ubiquitously host massive O stars and the Hii
regions needed for abundance work, and (iii) the possi-
ble suppression of the number of low-mass galaxies (i.e.,
lower galaxy counts at the turn-over of the luminosity
function) combined with apparent magnitude limits of
current surveys (Sa´nchez Almeida et al. 2017).
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